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refrigerants, the use of natural refrigerants and other means of reducing greenhouse gases, the trends in refrigeration and heat pump technology today are towards higher pressure applications. In such cases single screw compressors start to dominate due to higher load capacities and more flexible control system than a twin screw compressor. This trend may even lead to design of screw compressors with other rotor configurations than those currently used.
Capability to analyze performance of such complex screw machines is prerequisite for their successful design and commercialization,
There have been a number of studies conducted to develop thermodynamic models for twin screw and single screw compressors. The use of such models has helped remarkably both to evaluate compressor performance and to optimize rotor profiles over a period of time. For twin screw compressors with oil free or oil injected operations ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 Fujiwara et al. (1984) , Fukazawa et al. (1980) , Sangfors (1984) , Singh et al. (1984 and , Dagang et al. (1986 ), Kauder et al. (1994 presented computer models. Stosic et al. (1988) developed models by solving numerically the energy and mass differential equations from first principles. Hanjalic and Stosic (1997) presented design optimization using such models. Fleming et al. (1998) presented a model for the development and performance improvement of these machines. More recently a book on the mathematical modeling of twin screw compressor was published by Stosic et al. (2005) . Similarly for Single screw compressors, Bein and Hamilton (1982) , Boblitt and Moore (1984) , Jianhua and Guangxi (1988), Li and Jin (2004) presented computer models of oil flooded single screw compressors. Lundberg and Glanvall (1978) presented similar models and also compared twin and single screw type of compressors at full load. Such thermodynamic models require additional efforts to represent the deforming working domains through volume and area curves which often lead to inaccuracies or inability to analyse specific phenomena. Computational Fluid Dynamics (CFD) can be used to improve predictions on both aspects.
CFD is commonly based on Finite Volume Method (FVM) solvers. Their application to screw compressors involves unsteady flow with moving boundaries. The FVM has been used to solve problems involving unsteady flow with moving boundaries for a long time, as shown by Peric (1985) , Demirdzic and Peric (1990) , and Demirdzic and Muzaferija (1995) . When the FVM is applied to screw compressors, the major problem is to form the grids required for transient simulations. During the operation of a compressor, the fluid domain between them is deformed as the rotors turn. Thus the CFD grid also has to deform. At present, commercially available general grid generators are not suitable for full three dimensional transient simulations of screw compressors, as shown by (Kovacevic et. al., 2005 , Prasad, 2004 . A breakthrough was achieved in 1999 when the analytical rack generation method of Stosic (1998) was applied to generate an algebraic, adaptive, block -structured grid, used by Kovacevic (1999) for the calculation of twin screw rotor geometry. Since then there have been several reported uses of CFD analysis of twin screw compressor performance. Kovacevic et al, (1999 and 2000) and Kovacevic (2005) have presented the grid generation aspects for twin screw compressors. Kovacevic et al. (2002 Kovacevic et al. ( , 2003 Kovacevic et al. ( , 2006 Kovacevic et al. ( and 2007 have reported CFD simulations of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 screw compressors and so far there are no published works available on single screw machines or other complex screw machines such as those shown in Figure 1 .
Figure 1
Screw Compressors with complex multi-rotor configurations (Gardner, 1969 , Nilsson, 1949 , Zimmern, 1984 In this paper the fundamental aspects of transient CFD formulation with deforming grids are highlighted in order to emphasize importance of the technique used for handling deforming numerical mesh. The grid deformation handling technique called key-frame re-meshing is compared with the diffusion equation based mesh smoothing available in most of contemporary CFD codes (ANSYS, 2011) and the user defined nodal displacements based grid deformation as described in (Kovacevic, 2007) . Two cases with increasing geometric complexity of the working chambers are studied, namely an isentropic compression-expansion process in a reciprocating piston cylinder arrangement and the twin screw compressor which proved to be extremely challenging for key-frame re-meshing.
FUNDAMENTALS OF CFD CALCULATION WITH DEFORMING BOUNDARIES

Laws of conservation and governing equations
In an Eulerian reference, the conservation of mass, momentum, energy and other intensive properties applied to fluid flow in a control volume (CV) can be defined by coupled, time dependent, partial differential equations.
Conservation of Scalar Quantities can be represented by a general transport equation, (Ferziger and Peric, 1996) When the control volume is not fixed in space, the solution domain changes with time due to movement of the boundaries. This movement is defined either as a function of time or is dependent on the current solution field. The convective fluxes such as the mass flux are calculated in these cases using relative velocity components at each cell face. If the coordinate system remains fixed and Cartesian velocity components are used, the only change in the conservation equation is the appearance of the relative velocity in all convective terms, where is the velocity vector at the cell face. 
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The application of Leibnitz"s rule (02) for differentiation under the integral sign to transient terms of equation (01) gives the integral form of the general conservation equation. The grid velocity and the grid motion are independent of the fluid motion. However, when the cell faces move and if the grid velocities are calculated explicitly and, in turn, used to calculate the convective fluxes, the conservation of mass and other conserved quantities are not necessarily preserved. To ensure full conservations of these equations, the space conservation law needs to be satisfied.
Space conservation or geometric conservation is given by,
Space conservation can be regarded as mass conservation with zero fluid velocity. The unsteady terms in the governing equations involving integration over a control volume , which is now changing with time, need to be treated in a way consistent with the space conservation equation with a deforming and/or moving grid. The grid velocities and changes in CV volumes are to be calculated in such way that equation (04) 6 is the number of faces on the control volume and is the j th face area vector. The dot product on each control volume face is calculated from the volume swept out by that face over the time step as .
Therefore the mass flux can be calculated using instead of the explicitly calculated grid velocity .
If the volume change and mass fluxes are calculated as described above, space conservation is preserved. The requirement of space conservation in flow equations on moving integration points was introduced by Thomas and Lombard (1979) . The importance of the space conservation law was discussed by Demirdzic and Peric (1988) . They showed that the error in mass conservation due to nonconformance of space conservation is proportional to the time step size for constant grid velocities and is not influenced by the gird refinement size.
Theoretically, when the equations of conservation are integrated over control volumes of infinitesimal size they can completely resolve the flow dynamics. But when applied to control volumes of finite dimensions there are limitations in terms of resolving length scales beyond a certain size or capturing near wall boundary layer phenomena or shocks, where the gradients are high. So usually, in addition to these equations there can be more models introduced into the calculation, like turbulence models, near wall functions, species transport etc. These models can be analogously represented by the general transport equation and are not discussed here.
It is also possible to change the grid topology from one time step to another (Ferziger and Peric, 1996) since the computation of surface and volume integrals is not dependent on solution from previous time steps. This concept has been tested here to solve for complex domain deformations of screw compressors.
Solution of governing equations
The governing equations form a closely coupled, time dependent set of PDE"s and commonly employ a Finite Volume Method for their solution. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 In the diffusion equation based mesh smoothing (b), the specified displacement on the boundary nodes is propagated to the interior nodes by solving equation (09) internally in the solver.
Here, is the mesh stiffness that depends on local cell volumes and the distance of the nodes from the deforming boundaries. This method is presented graphically in Figure 3 .
Figure 3 Grid Deformation using Diffusion Equation Mesh Smoothing
The number of cells and their connectivity remain constant for the duration of the calculation with the grid being deformed at the beginning of each time step. Mesh smoothing method is not suitable for large boundary displacements as it produces cells with high skewness and there are chances of element failure due to negative volumes after high nodal displacements. This limitation is dependent on the type of cells, the grid size relative to the magnitude of the boundary displacement, the relative orientation of the cells and the boundary displacement, the position of the non-deforming boundaries etc. For example, for tetrahedral types of cell the skewness quality 
CASE STUDIES
Two cases were studied to help assess the applicability of the key-frame re-meshing method to screw compressor simulations. In the first case, reversible adiabatic compression process in a piston cylinder was solved by use of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 diffusion smoothing, user defined nodal displacements and key-frame grid re-meshing techniques described above.
This case was chosen as it forms the fundamental mechanism for calculating performance by CFD in positive displacement machines. The second case was a twin screw compressor with complex moving boundaries and highly deforming domains of both male and female rotors. In this case the key-frame grid re-meshing method was compared with the User defined nodal displacement provided by a customized grid generator.
Simulation of a simple Piston Cylinder Configuration
The purpose of this analysis was to compare the results from Diffusion smoothing based mesh deformation, User defined nodal displacements based mesh deformation and the Key-frame based re-meshing method with the theoretical results. Consider a piston cylinder arrangement with a sinusoidal displacement given to the piston.
Isentropic compression-expansion process in a reciprocating piston cylinder can be modeled by the polytropic process equation relating the gas pressure and volume. Since the process is adiabatic and reversible there will be no energy loses or gains in the control volume and the gas will return to its initial state.
For this trial, a cylinder with diameter 100 mm and length 100 mm was considered. The initial position of the piston was for a maximum volume of 7.854x10 -4 m 3 . The Piston displacement was 70 mm varying sinusoidally with a frequency of 50Hz. The final minimum cylinder volume was 2.356x10 -4 m 3 . This gave a fixed volume ratio of 3.333 for the system. Based on equation (10), for an initial absolute pressure in the cylinder of 2.013 bar the expected peak pressure is 10.86 bar. Similarly, for an initial temperature of 298 K, the expected peak temperature is 482.35 K.
In order to make the CFD model isentropic, all boundaries were defined as adiabatic and calculation of viscous dissipation term in the conservation equation of total energy was turned off. This also took account of the turbulent viscosity dissipation factor.
Figure 6 Hexahedral Mesh at different time steps using Diffusion Smoothing (SH1)
The most suitable configuration for diffusion smoothing is a hexahedral mesh since the cell quality does not deteriorate much when boundaries deform. Figure 6 shows the hexahedral mesh generated by diffusion smoothing at   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 three different time steps. The hexahedral meshes generated by diffusion smoothing were identified as SH. The mesh shown in Figure 6 is a coarse mesh consisting of 22752 cells identified as SH1. Two refined meshes were generated by the same method and named SH2 consisting of 49962 cells and SH3 consisting of 74720 cells (Table   1 ).
For the key-frame based re-meshing a tetrahedral mesh was selected, as shown in Figure 7 . Three different cases were generated, namely coarse KR1, medium KR2 and fine KR3 consisting of similar number of cells and nodes (Table 1) .
For the User Defined Nodal Displacement, a Hexahedral mesh was selected and three grid sizes were generated to correspond to sizes of the Diffusion smoothing. These were named UH1, UH2 and UH3 respectively, as listed in Table 1 . and key-frame re-meshing (KR1) Figure 10 Temperature history of diffusion smoothing (SH1) and key-frame re-meshing (KR1) Figure 8 shows the variation of piston displacement with time for the same volume ratio in cases SH1 and KR1. Figure 9 shows the change of pressure with time in cases SH1 and KR1. The results obtained with Nodal displacement UH1 were identical to that of SH. All case grid details and results are presented in Table 1 . Although both, diffusion smoothing SH1 and key-frame re-meshing KR1 follow the same change of volume during compression and expansion, the calculated peak pressures are not equal. In the case of diffusion smoothing the   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 pressure in the first cycle achieved the theoretical peak of 10.86 bar and consistently repeated itself in the following cycles. But in the case of key-frame re-meshing the maximum pressure in the first cycle was higher than the theoretical value and it continued to increase in the following cycles. Similarly the initial state of pressure at the end of expansion did not return to its base value as it did in the case of diffusion smoothing. Figure 10 shows the temperature change with time in the cylinder for both cases. The peak temperatures are not equal in the two cases. In the case of diffusion smoothing the temperature in the first cycle rises to the theoretical peak of 482.35 K and repeats itself in the following cycles consistently. In the case of key-frame re-meshing the peak temperature in the first cycle is similar to the theoretical value but it continues to increase in the following cycles. Similarly the initial state of temperature, at the end of expansion does not return to its base level of 298 K as it does in the case of diffusion smoothing. Table 1 shows the error in the prediction of pressure and temperature obtained from the three different grid deformations strategieswith three different grid sizes and over multiple consecutive compression cycles. The error in the pressure predictions over three consecutive compression cycles for the various grid deformation strategies is shown in Figure 11 , while Figure 12 shows the error in the temperature calculation over the compression cycles for these three cases.
The results show that the Diffusion smoothing (SH) based method of grid displacement and User defined nodal displacement (UH) based method of grid displacement produce the same, highly accurate predictions which conform with the theoretical results for this deforming boundary formulation. However, errors in the pressure and temperature prediction exist when the key-frame re-meshing based method of grid deformation is used. For the key -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 deformation strategies. Limiting the mesh to be replaced, only when the cell quality is severely reduced, should help in reducing the error, but in the case of complex topologies, as in screw compressors, this is very difficult if not impossible.
Simulation of a Twin Screw Compressor
For the CFD analysis of twin screw machines, the customized grid generation tool is available as described in Kovacevic et al., 2007 . It allows numerical mesh generation of the deforming rotor domains by a hexahedral grid with a constant number of cells for each time step and unstructured stationary meshes of compressor ports. A set of grids for the entire compression cycle is then supplied to the solver. Figure 13 shows a simplified block diagram of the screw compressor rotor grid generation process. It decomposes the entire rotor domain into two sub-domains which are separated by the common line called a "rack". Each of these domains belongs to one of the rotors and is of an "O" topology.
Consecutive 2D cross sections are mapped individually through following steps (Kovacevic et. al., 2003) :
1. Transformation from the "physical" domain to the numerical non-dimensional domain.
2. Definition of the edge nodes by applying an adaptive distribution technique.
3. Selection and matching of four non-contacting boundaries.
4. Calculation of the curves, which connect the facing boundaries by transfinite interpolation.
5. Application of a stretching function to obtain the distribution of the grid points.
6. Orthogonalisation, smoothing and final checking of the grid consistency.
This procedure allows the method of User defined nodal displacement to be implemented and is today an industrial standard widely used for screw compressors. The details of the algorithm have been presented by the authors in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 male rotor diameter of 127mm. Initially, an attempt was made to generate a complete model for Key-frame remeshing that included both radial and interlobe leakage gaps as shown in Figure 14 . A very fine grid was generated to capture the clearances. It was found that for a male rotor speed of 8600rpm, the max displacement that could be given to the rotor was about 0.1 degree per time step before the formation of negative element volumes occurred.
Therefore it was practically impossible to obtain a sufficient number of meshes and to perform this calculation. In the alternative second attempt the radial clearances were excluded. This further complicated the geometry as shown in Figure 15 after which it was concluded that the key-frame re-meshing could not be applied to the twin screw compressor geometry without excessive computing resource and time.
The user defined nodal displacement method was successfully applied and the case was solved with a pressure ratio of 2:1 at 8600rpm. The male rotor subdomain was mapped by 154860 cells and 172260 nodes. The female rotor subdomain was mapped with 160200 cells and 178200 nodes while the suction and discharge ports contained 855481 cell and 178446 nodes, respectively. Figure 16 shows the variation of mass flow rate through the suction and discharge of the compressor and Figure 17 shows the absolute pressure contours. An error of about 2.19% is observed in the average mass balance between the suction and discharge flows. The error remains unchanged over a number of compressor cycles which indicates that it is not the consequence of a violation of the conservation law as in the case of key-frame re-meshing. There are two main reasons for the error. Firstly, even with a large number of cells, the grid generation technique employed for screw compressors nodal displacement with hexahedral cells produces a relatively coarse mesh along the sliding interface between two subdomains. Secondly, in the clearance gaps, the cells have a very large aspect ratio and are relatively coarse. Due to this, it was found to be very difficult to achieve a residual level below 1x10 -4 r.m.s for every time step for the mass and momentum equations. However, it is expected that by continuing the calculation for a large number of cyclic repetitions, the accuracy will be improved as the flow stabilises in the connecting ports . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 Typically the pre-processing time required when using the key-frame re-meshing methodology is around 50 hours of machine time whereas, when using customized grid generation, it is not more than 2 hours. Importantly, leakage flows in the radial and interlobe clearances are captured. This case study showed limitations to the application of key-frame re-meshing to solve complex screw compressor problems. All attempts to solve flow within a twin screw compressor by use of Key-Frame Re-meshing failed, due to the complexity of the numerical mesh. However, by applying User Defined Nodal Displacement, using a customized grid generator, it was possible to demonstrate a suitable method for grid deformation solution in screw compressor CFD analysis. Thus for future work, it will be necessary to develop customized tools to generate CFD grids for complex screw machines such as single screw, variable pitch machines and tri-rotor screw machines. These grids will facilitate grid deformation strategy of User Defined Nodal Displacement in the solvers . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65
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